Abstract-This letter presents a novel non-line-of-sight (NLOS) localization scheme based on the concept of virtual reference device. The position of virtual reference device for each NLOS path can be determined if the initial mobile device position can be estimated or when the mobile device transits from LOS to NLOS region. With the position of virtual reference devices, the subsequent localization of mobile device requires only one signal path. Simulation and experiment conducted in indoor multipath environment show that the performance of our proposed localization scheme surpasses the existing localization schemes by a significant margin at all simulated and measured locations.
I. INTRODUCTION

W IRELESS localization is important in Emergency 911
subscriber safety service and sensor network applications, such as indoor navigation and surveillance [1] - [3] . Such systems attempt to locate the mobile device (MD) by measuring the radio signals traveling between the MD and a set of reference devices (RDs) with known positions. The measured parameters can be related to the time of arrival (TOA) [4] - [6] , angle of arrival (AOA) [7] , and signal strength of the received signal, or a combination of these [8] .
TOA-and AOA-based techniques require at least three and two RDs in line-of-sight (LOS) with the MD respectively in a 2-D environment. In our earlier work, we have proposed a technique to find the MD location by leveraging on LOS path between any RD and MD pair [9] . However, in an indoor environment, LOS path may not exist, and the received signal will be dominated by many non-line-of-sight (NLOS) paths [10] . The location error will be increased greatly if these NLOS paths are mistakenly used for localization. Many techniques [11] , [12] have been reported for NLOS identification and mitigation.
Recently, localization schemes that are able to locate the MD by using NLOS paths directly have been reported [13] , [14] . In [13] , Taylor series methodology is applied to find the MD location by means of initial guess of MD location and single-bounce paths. In [14] , the MD location can be determined if there exists at least two dominant NLOS paths without the need for initial estimation of MD location. This letter presents a novel method to significantly improve the localization accuracy by using the concept of virtual RD to determine MD location. The position of virtual RD for a given NLOS path can be determined by initial guess of the MD location [13] . Alternatively, the virtual RD location can also be found if the MD transits from LOS to NLOS region. After the positions of all virtual RDs are identified, the subsequent MD location can be determined by using just one dominant NLOS path and its corresponding virtual RD. The performance of our proposed localization scheme is evaluated using simulation and experiment conducted in an indoor environment. The results show that our proposed scheme outperforms existing localization schemes by a significant margin for all simulated and measured locations. This letter is organized as follows. Section II describes the proposed scheme in detail including estimation of virtual RD and MD location. Section III provides the simulation and experimental results. Finally, a conclusion is drawn in Section IV. Fig. 1(a) illustrates the geometrical relationship between RD, MD, and a virtual RD that is associated with a one-bounce reflection path. The RD has a known location ( ) with measured data AOA . The MD has an unknown location ( ) with measured data AOA .
II. ESTIMATION OF VIRTUAL REFERENCE DEVICE
is the estimated MD position through the initial guess using Taylor series methodology [13] or using the available LOS measurement metrics [8] , [9] , [12] - [14] . The measurement data TOA is related to the propagation distance using , where is the speed of wave propagation. The TOA (distance ) and AOA measurement values are assumed to be perturbed by Gaussian noise (1) where , and are the true TOA and AOA values of signal path, and , and denote the zero-mean Gaussian random noise with standard deviation .
As shown in Fig. 1(a) , is the true virtual RD of signal path RD-F-MD due to reflection at surface RS.
is the estimated value of . The position of virtual RD can be constructed from the RD with the vector where . is the distance between the RD and , which can be written as (2) 1536-1225 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. where and . is the distance between and , approximately equal to the measured TOA (distance) due to the signal path RD-F-MD.
The position of virtual RD originated from the RD can be constrained to an enclosed region, uvqp, with angle and distance measured from the RD within and , where and as depicted in Fig. 1(a) . Similarly, the position of virtual RD originated from can be constructed within , , that is, eghi, as shown in Fig. 1(b) . The estimated virtual RD is determined from the vertices of the intersections of the two earlier obtained virtual RD regions, abfmnr, as shown in Fig. 1(c) . Without the loss of generality, is chosen as ( ) and as ( ). The coordinates of the ( in this case) vertices are ordered clockwise from ( ) to ( ). To determine using weighted least square distance methodology [15] , the intersection area is divided into a set of triangles using as a reference. In this case, there will be four triangles, namely abf, afm, amn, and anr. is the weighted least square distance to all the triangular centroid points, which is defined as (3) where (
) is the location of , and ( ) is the centroid of the th triangular.
is the weighting factor that is chosen to be proportional to the area of the th triangle. Equation (3) can be rearranged in matrix form as (4) where is the coordinate of all triangular centroids given as . and , a identity matrix.
where , , , and . Finally, the estimated virtual RD corresponding to the NLOS path RD-F-MD can be calculated using
The virtual RDs for other NLOS paths can be determined similarly. When the MD moves to a new location, the virtual RD that corresponds to the dominant NLOS path at a new location can be identified by using measured TOA and AOA of that path. Based on the measured TOA, AOA, and the corresponding virtual RD, new MD position can be determined as (6) where is the measured path vector due to dominant NLOS path with [see Fig. 1(b) ]. At each MD location, all virtual RDs will be recalculated. It is noteworthy that (6) only requires measured TOA and AOA to estimate the MD location. It does not require prior knowledge of the location, orientation, and nature of the obstacles in the environment.
III. SIMULATION AND EXPERIMENTAL RESULTS
To check the accuracy and robustness of our proposed localization scheme, simulation and experiment will be carried out in an indoor environment with dimension m along -and -axis such that m and m. This dimension also corresponds to the Internet of Things (IoT) laboratory at the School of Electrical and Electronic Engineering (EEE), Nanyang Technological University (NTU), Singapore, as shown in Fig. 2 . In this simulation, the RD is fixed at (12.9 m, 0.7 m) with 5000 uniformly distributed MD locations. The obstacles are assumed to be randomly distributed with the probability of NLOS path assumed to be [10] , where is the direct distance between RD and MD, while is the mean distance from RD to obstacles. is chosen to be 5 and 10 m [10] , which translates to NLOS path's probability of 70% and 45%, respectively. Distance standard deviation is assumed to be 2 m. Angle standard deviations vary from 1 to 10 [14] . Fig. 3 depicts the average location error (ALE) performance by comparing our proposed localization scheme to the existing NLOS localization schemes in [13] and [14] . Comparison is also made to conventional TOA/AOA and TOA localization schemes with their NLOS mitigation techniques in [11] and [12] , respectively. Because [11] and [12] require at least two and three RDs respectively, another three RDs are placed symmetrically at (3.5 m, 0.7 m), (3.5 m, 8.8 m), and (12.9 m, 8.8 m) near the other three corners. In other words, [11] and [12] will use four RDs to perform localization. In our proposed localization scheme and [13] , the initial MD location is assumed to be randomly distributed within a circle centered at MD location with radius equal to 5% of the distance between RD and MD [13] , [14] . As shown, our proposed NLOS localization technique based on one RD achieves an ALE of less than 2 m under [13] are not shown as the ALEs are more than 15 m. The reason is that in [14] , the accuracy will be seriously degraded when the angle between the obstacles is very small, whereas in [13] , the Taylor series methodology only works well when there is a good initial guess and small measured parameters' standard deviation.
To test the performance of our proposed localization scheme in a real environment, experiment is conducted at the IoT laboratory. There are glass windows, concrete walls, and five dominant metallic obstacles, namely S1, S2, S3, S4, and S5 as shown in Fig. 2 . In the experiment, the RD is fixed at (12.9 m, 0.7 m), while the MD moves from to . and are in LOS, and the rest are in NLOS condition. The experiment is carried out using a vector network analyzer (VNA) with frequency sweep from 2 to 3 GHz over 1601 frequency points. A virtual antenna array with element spacing of 5 cm that corresponds to half a wavelength at 3 GHz is used at both RD and MD. At each MD location, 16 S21 measurement data for each frequency point are used to obtain the average. Using the average data, TOA and AOA of two dominant paths at each MD location will be calculated by parameter estimation EM algorithm [16] . The EM algorithm can extract the TOA and AOA of the signal path as long as its signal is above the threshold. These values are used to determine MD location using (6) . Root mean square (RMS) error pertains to the actual MD location and is given as , where ( ) and ( ) are the true and estimated MD location, respectively.
Based on the TOA and AOA data obtained from the average of 16 measurement data at each of the seven location points, the angles standard deviations of the dominant paths at both RD and MD are found to be 5.1 and 7.0 , respectively. Distance standard deviation is found to be 0.51 m. Table I shows the localization RMS error comparison of the proposed localization scheme to existing NLOS localization schemes [13] , [14] . The average RMS error of our proposed localization scheme for the seven location points is calculated to be 1.6 m as compared to the average RMS error of 21.3 and 8.6 m in [13] and [14] , respectively. At each MD location, we can identify whether the dominant NLOS path undergoes one or multiple reflections by checking if the measured distance and angle satisfy the triangular relationship of a single-bounce path. Table II shows the correlation of parametric estimation based on EM algorithm and ray tracing methodology [17] at and . At the dominant paths are LOS path ( ) and one reflected path from window ( ), whereas at there are two one reflected paths from window and S4 ( and ). As shown, the propagation paths simulated using ray tracing are well correlated with measured paths in the experiment. Thus, we can use the data metrics from the ray tracing methodology and add Gaussian noise statistically to evaluate the performance of our proposed localization scheme. The true TOA and AOA of each signal path between RD and MD are subjected to Gaussian noise with zero mean and known standard deviation. RMS error is calculated for 5000 simulation runs. To compare to [11] and [12] , another three RDs are placed at the same positions as the one in the ALE performance result. Fig. 4 depicts the accuracy of proposed localization scheme and makes comparison to existing localization schemes in terms of cumulative distribution function when the MD transits from LOS condition at (9.9 m, 5.5 m) to NLOS at (8.8 m, 5.5 m). At , first dominant LOS path is exploited to estimate the MD [9] . After MD location has been estimated, the virtual RD corresponding to the NLOS path can be determined. When the MD moves to the next position , based on (6), we are able to use the calculated virtual RD associated with and the new measured data (TOA and AOA) at to estimate location. As shown in Fig. 4 , our proposed localization scheme using one reflection path outperforms the existing localization schemes. For example, under m, , our proposed localization scheme achieves the accuracy of 2.3 m for 90% of the time as compared to 3.6 and 4.5 m in [14] and [11] , respectively. The margin of improvement is 36% and 49%, respectively.
IV. CONCLUSION
A novel NLOS localization scheme has been proposed based on the concept of virtual RD. Simulation and experimental results have shown that our proposed NLOS localization scheme using one RD outperforms the existing localization schemes by a significant margin at all measured and simulated locations.
